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Global genomic methylation changes can be followed on proceeded on the whole embryo genome during cleavage divisions. In late preimplantation stages such as morulae and blastocysts, embryos are thus undermethylated [10] . We used this approach to evaluate the ability of bovine cloned and fertilization-derived embryos of the same genetic background to undergo these programmed methylation changes when developing under the same environmental conditions. Cloned embryos were obtained from the fusion of adult skin fibroblasts to enucleated metaphase II oocytes via a procedure proven to be compatible with the birth of normal offspring [3] .
In Figure 1 are shown the methylation patterns observed in chromosomes and nuclei of donor fibroblasts. In fertilized bovine embryos, m after the exposure of oocyte to spermatozoa, and the first S phase started around 13-15 hr [16] . In clones, the moment somatic cells are fused to enucleated oocytes corresponds, methylation pattern at the first metaphase ( Figure 4a ). in normal embryos, to the time pronuclei are formed.
There was no evidence of two differentially methylated Thus, no evidence for an active demethylation process, as parental chromosome sets, as seen in biparental embryos reported in normal mouse zygotes for the paternal genome ( Figure 3a) . No topological separation of the homologous before the first replication [12] , was observed in bovine parental chromosomes, as described for normal embryos cloned embryos (Figure 2c The somatic-like profile was maintained after two cell depend on a specific sperm nucleus rather than on an divisions (two-and four-cell stages; Figure 4b ). However, oocyte cytoplasm factor or, alternatively, that the somatic few chromosomes appeared asymmetrically methylated composition of the transplanted nucleus is resistant to in less than 10% of the metaphases as early as the two-cell this process.
stage and without increasing frequency during embryo cleavage (Figure 4b , inset). In normal embryos, 100% of asymmetrical chromosomes are observed at the two-cell In accordance with the absence of active demethylation, chromosomes of cloned embryos exhibited a somatic-like stage. As cleavage progresses, the proportion of asymmet- that of normal embryos before implantation (Figure 3c ). Chromosome asymmetry is a typical indication of a passive Centromeric heterochromatin, which is incompletely demethylation, i.e., a cell division-dependent demethylmethylated in normal blastocysts, remained more methylation resulting from a failure of maintenance methylation ated in cloned embryos, however (Figure 4e ). The origin [13] .
of this difference and its biological consequences need to be determined. Thus, the methylation patterns typical of biparental chromosomes are not reproduced, and passive demethylation Because the passive demethylation process is poorly effiproceeds with greatly reduced efficiency in cloned emcient in bovine cloned embryos, an active demethylating bryos. The somatic chromatin composition could play a mechanism could act late in preimplantation developsignificant role in these anomalies. Moreover, the fusion ment. Such a possibility was suggested earlier for normal procedure potentially introduces the somatic form of mouse embryos between the 8-and 16-cell stages [20, 21] . Dnmt1, the maintenance mammalian methyltransferase, Additional studies are required to determine the precise which is not normally present in preimplantation embryos. moment this mechanism could take place in clones and This form, contrary to the oocyte-specific variant (Dnmt1o)
whether it occurs also in normal embryos. that is mainly retained in cytoplasm [18], could be operating to perpetuate the somatic-like methylation pat-
The euchromatin demethylation we observed has some terns in early cloned embryos. The sporadic occurrence of similarities to the previously reported delayed and incomindividual asymmetrical chromosomes in cloned embryos plete nuclear reprogramming of reconstructed embryos indicates only partial and rare passive demethylation.
[22, 23]. For instance, induction of telomerase activity, which normally occurs at the time of zygotic activation A decrease in chromosome arm (euchromatin) staining of in fertilized bovine embryos (eight-/sixteen-cell stage), cloned embryos appeared as cleavage proceeded (Figure becomes apparent only by the blastocyst stage during 4c-e). Under our experimental conditions, a first sign of postcloning development [24] . The apparent recovering a loss of euchromatin methylation was evidenced in some of an undermethylated pattern in euchromatin is consismetaphases at the eight-cell stage (Figure 4c ), this cellular tent with a removal of at least some somatic epigenetic heterogeneity being probably related to the asynchronous markers in clones, as previously noted in mouse cloned division of blastomeres from the third division cycle [19] .
embryos for the X inactivation process [25] . However, In contrast, heterochromatin remained stained. We note that this late removal is apparently not sufficient to ensure these changes in euchromatin methylation coincide with a successful pre-and postnatal development, as attested by critical survival period for cloned embryos (our unpublished the low cloning efficiency at birth (1%-3%), the perinatal data); this survival period occurs between the four-and death, and the high incidence of postnatal abnormal sympeight-cell stages, so that less than half of them (about 40% toms [4, 6] . Moreover, the persistence of a somatic pattern for bovine clones) will reach the blastocyst stage.
after fusion at a time when parental genomes are normally differentially methylated [12, 13] may have deleterious At morula and blastocyst stages, reconstructed embryos effects on the developmental potential of cloned embryos. were systematically less methylated than the earliest stages, indicating that they adopted mainly in euchromaThere is significant evidence that inappropriate gene reg- Euchromatin is undermethylated, but centromeric heterochromatin tends to be more methylated than that of normal embryos (arrows).
ulation during the period of nuclear reprogramming can in cloned embryos contrasts with the low methylation observed in normally fertilized embryo heterochromatin have long-term detrimental effects [7] . The delayed or before implantation. This observation is in agreement incomplete reprogramming of the somatic nuclei in oocyte with the relatively homogeneously methylated pattern of cytoplasm may influence the normal course of events centromeric CpG-rich satellite I DNA recently described because a precise control over the time of embryonic in cloned blastocysts derived from fetal bovine fibroblast genome activation is essential for normal embryogenesis.
cells [28] and analyzed by restriction digestion after bisulphite mutagenesis. For other repeated sequences, sigAlthough the euchromatic methylation pattern before imnificant variations in the degree of methylation among plantation is similar in normal and cloned embryos, we individual cloned blastocysts were observed. Our apcannot conclude that about the same degree of methylation proach, which allows the direct visualization of euchromaoccurs at individual sequences. As previously underlined, tin and heterochromatin, the two major genome compartthe chromosome methylation approach is efficient for topoments clearly points out their different methylation levels. logically detecting clustered methylated CpGs, located eiThe persistence of a high methylation level in centromeric ther in highly repeated sequences (heterochromatin) or in heterochromatin in cloned embryos may also be a source interspersed repeated sequences enriched in methylated of disturbance of early embryonic activity because heteroCpG sites [13, 15] . Methylation of individual CpG sites chromatin has been involved in gene silencing in mamcannot be ascertained by this method. Two studies on mals and other organisms [29, 30] . cloned mice obtained from either cumulus or embryonicstem (ES) cells indicated that cloned animals can exhibit
In conclusion, the disturbance in methylation dynamics methylation and hypomethylation at CpG islands of tissueduring the earliest stages of clones' embryogenesis, in specific genes [26] , as well as anomalies of imprinted gene which the embryonic genome is gradually prepared for methylation and expression [27] , with important variations activation, may thus be one of the factors contributing among individual clones. Compared to that of normal emto persistent abnormalities that compromise survival or bryos, the genome of cloned embryos seems therefore to be normal development of most cloned animals. a mixture of normal and aberrantly methylated sequences. New information will be needed to clarify the causes and
Material and methods
the extension of the observed variability.
Production of fertilized and reconstructed embryos
Oocytes derived from abattoir-obtained ovaries were matured in vitro for 24 hr in TCM199 (Gibco) supplemented with 10% FCS, 10 g/ml
The heavy methylation of centromeric heterochromatin 
